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ABSTRACT 

Most of the analysis in this period has dealt with use of 

metastaMe nitrogen molecules as the active medium for a trans- 

former laser to be pumped by a battery of Nd glass auxiliary lasers. 

It was corcluded that such a medium would be operable, but that 

adequate data are not at hand to produce optimism on reaching maxi- 

mum output pulse energy densities in the nitrogen greater than the 
3 

region of one joule/cm , with satisfactory maintenance of optical 

beam quality. 

An extension of previous analysis on a similar use of CN 

molecules indicates that this medium might be expected to yield 
3 

satisfactory outputs around one joule/cm   or somewhat greater. 

From the meager information available today, it appears that 

diatomic cesium molecules might possibly surpass CN and constitute 

the best medium for transformer action with Nd glass laser pumping. 

An experimental attack on some of the many remaining unknowns 

regarding Cs« is now underway, and first preliminary tests are 

reported. 

A beginning has been made toward mathematical spatial 

analysis of the high power flux patterns to be expected within a 

heavily pumped transformer medium. 
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1.   INTRODUCTION 

The first Technical Summary Report of this series, GPL Division's 

Report GPL A-31-1, dated 17 May 1965, with the same title as the 

I present report, described the background of the work here continued 

and contained numerous details of the spectroscopic principles involved 

in the transformer laser concept being studied. This material will not be 

i repeated; the discussion in this report will presume a knowledge of the 

presentation inGPLA-31-1.* 

The transformer laser concept is an arrangement proposed for com- 

I bining the outputs of numerous auxiliary lasers,which do not need to be in 

phase, and which do not need to be of the best optical quality,  into a single 

coherent diffraction-limited beam containing a power close to the sum of 

I the auxiliary laser output powers.   This is to be done by absorption of 

the pumping laser beams by the molecules of a transformer gas medium, 

in such a manner that inversion occurs and the gas re-emits most of the 

I absorbed energy as a single new laser beam. 

i GPL A-31-1 mentioned a number of possible combinations of types 

of auxiliary pumping lasers and transformer gas media; however, it was 
I 1 largely concerned with a study of CN monomer gas molecules pumped by a 

I battery of Nd glass lasers, for re-emission of a coherent beam in the 

neighborhood of 1.06^1. 

| ♦ That report now carries the Dept, of Defense document number AD-6i8896. 
s It is available to the public through the Office of Technical Services of the 

U.S. Dept. of Commerce. 

1 
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Much of the present report will d^ai with the possibility of using 

Ng» A metastable nitrogen molecules as the transformer medium, for 

pumping with a group of Nd glass lasers. 

Then, following a comparison of the present state of information 

on the use of CN and N«* A, this report will briefly consider the use 

of diatomic alkali molecules such as Cs« as transformer media, with the 

same pumping arrangement. 
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2.   THE LOWER ELECTRONIC STATES AND OPTICAL TRANSITIONS 
TTnr . .  

2.1  Electronic States and Selection Rules 

Figure 1 displays what are believed to be all of the electronic 

states of N2 lying below the first lissociation limit of the molecule. 

5 + 3 Both   L    and    A   have been located only by inference; neither has yet 

been observed directly. *  Theory indicates that probably no others 

remain undiscovered below 75, 000 cm" , although numerous additional 

electronic states of the neutral nitrogen molecule lie at higher energies. 

The latest value for the first dissociation limit of N«, from Tilford and 

Wilkinson (1964), is 78,737 cm'1. 

Unexcited nitrogen molecules will absorb in four ultraviolet 

band systems involving levels of this group.   However, as shown in the 

diagram, these are all forbidden transitions, so the bands are rather 

weak.   Several meter-atmospheres of N« are needed in the beam path 

for their detection^   The (A— X) system   constitutes the Vegard-Kaplan 

bands, and it lies principally in the region from I&OOA to around 3500JJ, 

although some of its emission bands extend into the visible.   Only the 

(6,0) and (7,0) bands near 1700$, measured by Wilkinson (1959)   at 

about 10m-atm path, have been seen in absorption so far.   No (B—X) 

system has yet been observed; presumably it is extremely weak.   Some 

of the (B — X) system has been seen in absorption by Wilkinson (1962) 

*  Gilmore (1965) has most recently cumulated the existing Information. 
The theoretical basis is chiefy by Mulliken (1957).   The exact location of the 
3^   state is especially uncertain.   However, it seems reasonable that 
whether it actually lies above or below state B, it is not separated from that 
state by more than perhaps 2000 cm"1.   (See the Bibliography for citations 
of all references indicated in this report by author's name and date.) 

3 
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I in the range 1500 — 1300^.   In emission it is more er-lended. 

The (a — X) and a' — X) systems have locations similar to (B'— X). 

All of these systems were observed first in emission from discharge tubes. 

I 
I 
I 
I 
I 

The N2* A state, at. well as three others shown in the diagram, 

are radiatively metastable — at least in their lower vibrational and 

rotational levels.   The spontaneous radiative lifetime of N«* A is believed 

to be at least 1 sec.   Details on this point will be presented in a laler 

section. 

The very well known N«* (B - A) bands are called, for historical 

reasons, the First Positive System of nitrogen.   These bands are emitted 

rather strongly from many types of discharges, with the radiative lifetime 

of N2* B being about 10 microseconds.   Whenever a large enough concentration 

of N«* A can be made, by some means, the ist Pos. bands can be seen 

in absorption.   This was first accomplished by Carleton and Oldenberg (1962) 

11 3 wh ) created a steady-state population of about 10     No* A molecules/cm 
it 

in a discharge tube.   At appreciable Nf,'A population densities, some of the 

1st Pos. bands could absorb Nd glass laser light near 1.06^, as will be shown 

in the next section. 

Two other aUowed transitions indicated on the diagram have been 

observed only in emission, since conditions have not yet been found for 

building up large concentrations in the lower levels. 
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As shown at the right in Figure 1. the electronic selection rules 

allow several other transitions which have not as yet been seen.   Potentially, 

the most impor'ant of these for a laser transformer could be the (B  ^ B) 

system ir absorption.   If primary preparation of N2. A molecules followed 

by Nd glass laser ; imping in (B - A) should produce a heavy population 

of Nn'B, these molecules might then absorb a second Nd laser light quantum, 

and be excited to N,,* B^ ~ thus being at least temporarily removed from 

any (B «—A) pump-läse cycle.   However, the f.B—B) b nds are rather weak 

when observed in emission with usual methods of excitation. 

2.2  Potential Curves and the Transitions near 1.06u 

Figure 2 gives the most recent information on the potential 

energy curves and a few of the known vibrational levels of these low lying 

electronic states of nitrogen, as surveyed by Gilmore (x965). 

It is apparent from the Franck-Condon principle why unexcited 

nitrogen gas at room temperature or below absorbs from the (A - X) system 

only the (6, 0) and (7, 0) bands with appreciable intensity — together with 

probably a few others of the same sequence at stili shorter wavelengths, 

not yet investigated.    This arises from the considerable difference in 

average internuclear separation between the A state and the X state. 

Since the vibrational spacing in N2-X is over 2000 cm" , practically 

all the ground state molecules will be in (v = 0) ai these temperatures. 

6 
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KTcct eocx 

1.6 2.Ü 2.4 
Internuclear distance   A 

S.^ 

Figure 2.   The lower electronic and vibrational states of N«, with their potential energy 
curves.   (Data from Gilmori' (1965).  The 3A   ctfrve is largely a guess, as the 
state has not yet been observed.   The ^t is principally theoretical.   Probably 
only its (v = 0) level is stable.   The vioritional spacing in the three upper 
singlet states is similar to that shown for the triplets. 
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Let us now ask which bands of the (3 - A) system fall within the 

possible wavelength range of Nd laser light emission.   Table 1 gives the 

locations of the P. heads of all bands involving the first 12 upper and 

lower vibration statesf as either measured or calculated by DieKe and 

Heath (1959).    The band head terminology and rotational structure will be 

discussed in a following section.   It will be shown there that the most 

-1 intense part of each band extends about 100 cm     toward increasing 

wavenumbers from the P. head,   Figure 3 displays such approximate 

locations, as well as the relative intensities quoted by Dieke and Heath 

for emission spectra with conventional discharge tube excitation, for all 

of these bands falling within the Nd glass fluorescence region, in the manner 

of Figure 11 in Report GPL A-31-L 

In order to indicate possible effects from absorption of a second 

Nd light quantum in the (B  - B) transition, the more intense ba^ds of this 

system expected to fall within the Nd emission region are also plotted in 

Figure 3.   The molecular constants of the B state have been determined 

with high precision by Tilford, Vanderslice,and Wilkinson (1965), and those 

of the B state with similar precision by Dieke and Heath (1959).   The detailed 

structures of these (B— 3) bands have not been computed in the present 

contract work, but the band origins were located quite simply by subtraction 

between the two st.s of first 12 vibrational levels.   The band origins will lie 
*  Nitrogen molecules placed in (v =13) or slightly higher vibrational levels of 

N.. B, or in very high rotation levels of (v = 12), are known to have a rather 
strong tendency toward dissociation of the molecule upon subsequent collisions. 
Dieke and Heath summarize the evidence on this matter. 
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| 1(7,4)        | 1(2.0) 
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□(8,5)^(9.6)^(10,7)     . 

•- (1     11) 

10,000 
-H  
9,500 -1 '   —       cm 9,000 8,500 

,+++ Figure 3,   Nd and N, bands.   The upper curve is the 1.06^ fluorescent band of Nd 
in a typical soda lime glass at room temperature from Maurer (1963). 
The short horizontal bar in the center of this band indicates the range 
over which Snitzer ^1965) obtains lasing when no restrictive interference 
plates are present within the resonant cavity. Below are indicated 
schematically the N«* (B - A) and N • (B/ - B) absorption bands which 
overlap the Nd fluorescence region.   For each band the location of the P. 
head is emphasized by a heavier lirte.   The relative heights of the band 
symbols for (B - A) snow expected relative intensities.   Similarly for the 
(ö - B) bands.   However, the intensity scales used for these two band 
systems are not necessarily equal.   The weak (B7 - B) (1 - 11) band shown 
dotted at the bottom of the diagram is a case where absorption would be 
from N2' B^v = 1) upward to ^ B(v ^11).   The two sh. ^d bands involve 
high levels of N2' B which are easily dissociable in colv   ions. 9 
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very close to the P. heads.   From the photographs of several (B/—• B) 

bands in the deep red region given by LeBlanc, Tanaka, and Jursa (1958), 

-1 the most intense region of each band may be taken to stretch about 130 cm 

toward decreasing wave-numbers from the P. head.   The experimental 

wave-numbers given for the heads by these latter authors agree with the 

band origins calculated here for corresponding bands to within 15 cm" . 

The relative intensity estimates in (B^— B) were made from the appearance 

of the potential curves of the two states in Figure 2, in light of the Franck- 

Condon principle, and by comparison with LeBlanc, Tanaka, and Jursa's 

intensities for the deep red bands.   The weak band at the bottom of Figure 

3 represents a transition near 1.06jLi wnere the B vibrational level lies above 

the B/ vibrational level. 

2.3  Possible Pumping and Lasing Bands 

The most obvious place to try to set up a pump-läse transforms 

cycle would seem to be in the (0,0) band oi N2* (B - A).   This is the strongest 

available band of its system, and it lies very close to the wave-number region 

for which the most efficient Nd glass lasing mode has already been explored. 

One potential drawback to the use of the (0,0) band is that probably 

considerable numbers of N«* B molecules in (v = 0) would absorb a 

secouu Nd quantum to populate {v = 2) of N«- B .   Of potentially greater 



r 
importance is that, lasing witbin tne transformer might be hindered by 

I absorption of emitted quanta in the (B^-B) (?, 0) transition. 

I 
I 

Another drawback might be that it would probably not be practical 

to ''prepare" a sufficient population of nitrogen molecules in (v = 0) of 

No* A before the power flash by simply irradiating nitrogen gas with a flash 

j of ultraviolet light.   The (0^ 0) Vegard-Kaplan absorption band must be 

extremely weak in nitrogen gas at practical temperatures.   Probably it would 

be best to raise molecules  to N„o A (v = 0) by collisions with other atoms I 
I 

f 
I 
I 

I 

or molecules which had themselves been raised to an excited level near 

50, 000 cm     through absorption of a preparatory UV flash in a strongly 

allowed transition.   Possibilities for such an arrangement have not yet 

I been explored under this contract. 

The next most obvious place* for a pump-läse cycle would be in the 

(4, 5) band.   This band is weaker than (0^ 0) by about a factor of 13, but it 

occurs equally close to the best known region for Nd glass lasing.   Although 

the (5,0) Vegard-Kaplan band surely is less intense than the known (6,0) 

and (7, 0) bands, it might prove adequate for creating N0'A (v = 5) molecules, 

i if an intense preparatory flash in its region around 177ÖA  could be used. 

Figure 3 indicates that no appreciable numbers of N • B ( v = 4) molecules 

could reach tne B^ stale by absorption of a second Nd laser light quantum. 

| *  One is restricted to ihe 1st Pos. bands for the main power cycle, in the simplest 
cases at least.   If the main Nd laser pumping wavelength was instead placed at one 

I of the (B/'— B) binds, with previous preparation of the molecules by absorption of 
I UV light in one of the {W—X) bands, an adequate B population could not be maintained 

in the face of B to A leakage by fluorescence — unless simultaneous (B^— B) and 
(B— A) pump-lase transformer cycles were being operated. I 
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The (5, 6) band of (B —A) is of about the same strength as the (4, 5]^ 

although less advantageously placed with respect to the Nd emission. 

Nitrogen molecules in NQ'^ (V = 6) could be prepared by an ultraviolet 

flash in the known V- K band.    However   second Nd quantum absorption 

and lasing light absorption would certainly be present raising considerable 

numbers of molecules into (v = 8) of N2
o B ,    It may be noted that nitrogen 

mole-    as in (v = 9) and slightly higher vibralional levels of B^ are known 

to have a rather strong tendency toward dissociation of the molecule 

upon subsequent collisions.    ( Bayes and Kistiakowsky. (I960). 

Absorption in the (B^ - B) bands would cause no real trouble 

if these transitions could be expected to either (a) saturate after the 

first few microseconds in a very high flux environment or(b) set up their 

own parallel pump-läse cycles.   One of these alternatives would certainly 

occur if only optical transitions were involved.   However, at any time when 

consideraule numbers of n; rogen molecules are in vibration levels above 

(v = 0) in any one of the electronic states, the phenomenon of vibrational 

exchange upon collision between molecules will produce a distribution 

of population over many other vibrational levels adjacent to the original 

one1?.   In order fr> reduce the probabilities for vibrational exchange, the 

transformer medium should probably be operated at as low a temperature 

as possible — or about 80° K in this case of nitrogen.    Another process 
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tending to diffuse the populations occurs whenever molecules are placed 

in any level higher than Np B (v = 0) There is then a quite appreciable 

probability for coilisio..s to transfer a molecule   to one of the other nearby 

electronic states.      Such a process might occur even for N,,* B (v = 0) 
3 

if    A actually falls as low as is sketched in Figure 2,   Thirdly, even when 

cycling wholly within the (0, 0) band   fluorescence downward from N,,- B 

(v = 0) will always produce appreciable concentrations in N-A2 vibration 

levels as high as at least (v = 3),as may be seen from Table 1. 

The complexities resulting from this spreading out of the populations, 

although not necessarily deleterious for the transformer laser, cannot be 

analyzed in advance.with our present incomplete knowledge of the many 

collision parameters involved. 

Table 1 shows that molecular refrigeration based on the center of gravity 

of fluorescence falling at shorter wavelength than the pumping light will not 

be available when operating a cycle within the (0. 0) band, although it wouM be 

when operating on the (4, 5) band. However, broadening of the vibrational 

population distribution, as a result of vibrational exchange collisions or 

collisions populating other electronic states,  could easily alter the center 

of gravity of the total fluorescence. 

Of course, all of the above discussion is predicated on an assumption 

that molecules once placed in N« A or N« B,or perhaps   N«- 3   jr the other 
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excited states, will not be forced back to the ground state too frequently by 

any of the collision processes.   Discussion of this basic assumption, 

that the quenching rate is tolerable, is postponed.to a later section of 

I this report. 

I In summary, sufficient experimental data are not available yet to 

decide which band of the nitrogen First Positive System might provide the 

best transformer arrangement for pumping with Nd glass laser?    However, 

| as a typical example, the properties of the (0,0) band of this system will be 

considered in the next sections. 

i 

I 
( 

I 
I 
I 
I 
I 
I 
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i   ^ 



GPL DIVISION •   AFROSPACF  GROUP •   GFNFRAL  PRECISION. INC, 

3.   STRUCTURE OF THE NITROGEN FIRST POSITIVE BANDS. 

3.1  Rotational Levels of Ny A(v - 0) 

The first excitC'd electronic state A of the nitrogen molecule 

3 + is a   E   state.   As with all Estates, N0-A follows Hund's coupling case 

(b) with the quantum number K taking all integral values from zero upward, 

within each vibrational state. *   The lowest level, with K = 0, is always 

single and has total angular momentum vector J = 1.   Each higher K-value 

corresponds to a very close triplet of levels having J = K - 1,  K, and K + 1 

respectively. 

For each vibrational state the members of the triplets with J = K 

form a series whose energies approximately follow the usual simple formula. 

In the vibrational state (v = 0) with values of K ;> 1 this is 

FJ=K(v = 0) = B0K(K+ 1) - D0K2(K+ I)2 + - - - 

for which Dieke and Heath (1959) determined the value B^ = 1. 4457 cm     and 
-fi      -1 

accepted the value D0 = 5. 84 x 10     cm     from Carroll (1Q52).   Approximate 

theoretical formulas for the separations among the "spin triplets" are given 

* Some recent authors use the symbol N, instead of K, for this quantum 
number. 

16 



in Herzberg's book. * 

Dleke and Heath's experimental levels up to K - 20 for (v = 0) are 

shown i.   figure 4.   The experimental spin triplet yeparutions, being 

less than 3 cm     everywhere, are too small to illustrate in this Figure, 

although the order in which the J-values were found to occur energetically 

Is Indicated.   The{+, - ) and (a, s) symmetry characters of the levels are also 
3 + marked on the diagram.   In any   zT electronic state of a homonuclear 

diatomic molecule, rotational levels of even K have the symmetry characters 

+ and a, with the reverse for levels of odd K. 

3.2 Rotational Levels of IV B(v = 0) 

The second excited electronic state B of the nitrogen molecule 
3 

is a  II  state.   At high rotation levels tl.is state also follows Hund's 

coupling case (L), with the quantum number k taking on integral values. 

For each K there occurs J = K-l, J = K, and J = K+ 1, " !th separations 

between them of the order of 15 cm"   or less.   Finally, each one of these 

three is a close A-type doublet, as is true for all electronic II states. 

The A-doubiing amounts to less than 3 cm"   separation, except for very 

high rotation levels.   Figure 5 shows the energ> level as high as K - 16 

for the vibrational state (v = 0) as found by Dleke and Heath, with the 

A-doubling being indicated only schematically. 

G. Herzberg, "Molecular Spectra and Molecular Structure.   I Spectra 
of Diatomic Molecules", Van Nostrand, 2nd ed., 1950.   This standard 
reference will be referred to throughout this report simply as "Herzberg's 
book". 17 
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At low rotation levels, below the pcighborhood of alx)ut K= 11, the 

state goes over to Hund's coupling case (a), where K loses its physical 

meaning and is no longer a good quantum number.    The levels of various 

J-values, each still a A-doublet, regroup themselves energetically into 

3        3 three sequences, to which may be assigned the labels   II0,    IL, and 
3 
n«.   This gradual change in the level pattern upon going toward lower 

energies is apparent in Figure 5.   In each of these sequences the 

minimum value of J is equal to the subscript in the sequence label. 

Herzberg's book describes the rather complex approximate theoretical 

formulas which have been derived to represent the energy values of such 
3 

a system of   II levels.   The only simple   relationship which is reasonably 

exact is that the center of gravity of all six levels belonging to any one value 

of J s 2 is given for all rotations by 

B[6J( J+ 1) - 2] + const. 

From their experimental levels, Dieke and Heath derived the value 

BQ = 1.62849 cm"   In this formula,for the (v = 0) vibrational state. 

It will be convenient in distinguishing the spectrum lines later, to 

extend the numeration of levels by K-values in a smooth sequence down into 

the low rotation regime, even though K is not a good quantum number there 

and has no physical meaning.   Such level labels have been applied in 

Figure 5. 

20 
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3 
In every   II electronic state, the two components of each A-type 

doublet will have opposite x symmetry characters.   *n some such molecular 

states all levels of even J may hive their plus    A-components lying lower 

energetically than their minus A-components, and vice versa for levels of 
3 

odd J.   In other   n molecular levels these relations are reversed.   Dieke 

3 
For all   II   in homonuclear  molecules, the + levels also carry the symmetry 

character s. 

t and Heath found the former situation in N2° B, as indicated in the diagram. 

I 
I 3.3  The Rotational Branches of the Hj (B— A) Bands 

| For a given vibrational transition, such as in the (0,0) band, 

• the rotational selection rules allow in principle any optical transition which 

(a) has A J = i 1 or 0, with the transition J = 0 to J = 0 being forbidden, (b) 

1 combines a + with a - level, and (c) combines an js with an s level, or an a 
3 

{with an a level.   Inspection of the level diagrams already given for the   n 
3    - 

and   E states of nitrogen will show that the multitude of possible transitions 

I allowed by these rules may be organized into 27 different classes.   Figure 6 shows 

| the labelling system adopted by Dieke and Heath to define these 27 branches of a 

rotation-vibration band in the N2° (B - A) system*.   Within each branch, Dieke 

and Heath label each spectrum line by the K-value of its lower level.    We will 

I write these K-values of the Jabels in parentheses ~ as for the Q™ (10) line of 

the (0,0) band. 

I 
I 
I 

7  
Herzberg's book, and some other authors, use a different nomenclature 

for the branches and lines of a ^H — ^E band. 

21 
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Approximate theoretical intensity relations among the lines of the 

various branches are discussed in Herzberg's book, for conventional 

methods of excitation.    In the low rotation region, lines of all 27 branches 

are usually observable under most experimental conditions.   However, 

at high rotations   where K is a good quantum number, there is no appreciable 

Intensity except in lines following additional selection rules involving ^K. 

These have the effect of permitting observable intensity for the high 

rotation lines of only those branches with a single subscript in their label 

in Figure 6. 

14 Since N2   is a homonuclear molecule, symmetry relations will cause 

adjacent lines in every branch to be alternately weak and strong —  under 

conventional means of excitation in naturally occurring nitrogen gas. 

The usual approximate neighboring intensity is 2:1 and the lines labelled by 

odd   K-values in parentheses are the strong ones.   The strong lines  are 

transitions between two levels of s symmetry.   The weak lines are transitions 

between two levels of a symmetry. 

The actual (0,0) band of the N-' (B —A) system has never been 

specifically analyzed experimentally, although it has often been observed 

at low to moderate resolution.   The N«- B (v = 0) and N«« A (v = 0) level 

locations illustrated in Figures 4 and 5 were determined by Dieke and Heath 

from other bands involving these vibrational states, such as the (1,0), 

23 
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1 
! 

! 

I 

! 

(2, 0), and (3,0) bands of Ny (B-~ A) and the (0,0) band of the N2- (C— B) 

system.   These known level positions will permit calculation of wave- 

numbers of the (0,0)lines for N-* (B—A) by simple subtraction, using the 

diagram in Figure 6 as a guide for the selection rules and the labelling. 

As a preliminary s.ep, Figure 7 displays a chart of the analogous 

| (1,0) band, as constructed directly from Dieke and Heath's tables of measured 

wavenumbers.   The heights shown for the lines are proportional to Dieke 

and Heath's rough estimates of relative intensity on a 0 to 10 scale, in the 

I emission spectrum from a low pressure nitrogen discharge tube immersed 

in liquid nitrogen. Relative intensities can well be different for other types 

of emission or absorption arrangements. At this low gas temperature none 

of the rotational branches was observable beyond line (18). 

It will be noted that the NL* (B—A) bands degrade toward the 

violet, in contrast to the majority of diatomic molecule bands, which 

degrade toward the red.   Such an appearance is a consequence of the average 

internuclear distance in electronic state B being less than it is in state 

A.   As a result, the rotational spacing constants — as B0, for example — 

are larger in the upper state than in the lower.   The   jverse is true for 

the majority of band systems of diatomic molecules, as ISL« (B — B) for 

example. 

24 
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4.   LASING POSSIBILITIES IN THE (0. C^ BANT) AT 80 K 

4.1  80°K Boltzmann Rotational Distribution for (v = 0) in N^' A and N^- B 

Collisions of a given nitrogen molecule with another molecule of any kind, 

or with any atom, are known to cause changes in the rotational angular momentum 

of the nitrogen molecule quite readily.   Values of J and K are often changed 

by several units in each collision,with some rotational energy often going into 

or coming from the store of translational energy of the assemblage. 

Hnwever, it is found that collisions only extremely rarely move a 

nitrogen molecule from an s level into an a level, or vice versa.   A volume 

of nitrogen gas behaves almost as if it were a mixture of two quite separate kinds 

of nitrogen.   One kind tends to keep all its molecules in rotatir> :al levels of s 

symmetry, and the other kind tends to keep all its molecules in levels of a 

symmetry.   The concentration ratio cr the two types in any given volume at 

a certain moment will depend on the prior history of the gas, but this ratio 

will remain almost constant despite collisions or despite the presence of 

optical radiation,for a very long time. 

This means that for any one vibrati'-nal state of either N«* A or 

N«* B, two separate and almost completely non-connected rotational equilibrium 

population distributions should be calculated -- one for the molecules in levels 

of s  symmetry, and one for the molecules in levels of a symmetry.   In each 

case the '.ero of relative energies is to be taken at the lowest occurring level 

26 
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of the particular symmetry being considered for all problems involving times 

of milliseconds or less.   With the rehuive energy F(JK) of any chosen rotational 

level being defined in this way, the fraction of the total molecules of one symmetry 

type in the vibrational state which will be in the chosen rotational level, in the 

presence of complete rotation-translation equilibrium at gas temperature T K, 

is given by the usual Boltzmann formula 

/2j+ ne-F(JK)hc/kT 
n(JK)=        (2J+ 1)e 

-F(JK)hc/kT n 

s or a 

£[(2J+ l)e 

where the sum in the denominator is over ali levels in the vibration state which 

have the same symmetry type as the particuJ^ rotational level in question. 

Figure 8 shows such relative rotational distributions calculated for 

the s and a populations of N2* A (v = 0) at 80° K, based on the Dieke and Heath 

level locations sketched in Figure 4.   Reduction of vibrational exchange probabilities 

constitutes one reason for choosing 80° K as a possible operating temperature of 

interest for the transformer gas volume.   It will be noted that most of the 

molecules are in levels below about K = 10 under these conditiono. 

3 
In a   L state, collisions can quite readily alter both J and K for a 

molecule in any level, so that all the fypes o^" s levels, for example,   must 

be lumped together in calculating the distribution of s molecules.   Nevertheless, 

2 7 
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the s distribution curve has three distinguishable branches at low rotations. 

These contain levels with J=K~1, J=Kf orJ=K + l, respectively, which 

differ because the   spin triplets   are levels of almost equal energy but 

considerably different (2J + 1), in the low rotation rt^on.   Any transient 

approach to equilibrium should occur simultaneously in all three branches, 

under most conventional experimental conditions.   The distribution of a 

molecules behaves in similar fashion. 

Figure 9 shows corresponding relative rotational population distribution 

curves for Boltzmann equilibrium at 80° K in N«- B( v = 0).    Again, ill the 

levels of s symmetry are to be considered as one group in calculating 

a true Boltzmann equilibrium distribution of whatever s  molecules are present 

in this vif~rational level.   A similar calculation of the equilibrium distribution 

of a molecules over the rotational levels having a symmetry produces a set 

of curves which camiot be distinguished from the s curves on the scale of 

Figure 6, since the A-doubling is very slight. 

As before, each of the distributions has three branches in the low 

rotation region, because levels of different (2J + 1) full at similar energies. 

However, these three branches for low rotations have an additional importance 
3 

in the case of the   II state.   Although there are no experimental data specifically 

for nitrogen, it seems probable that collisions  cannot as readily move a 

3 3 low rotation nitrogen molecule from levf Is of   DL into levels of   IL, for 
3 

example, as they do into other levels of   IL,.   Thus, in an analogous case of 

29 
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NO-He collisions at 300°K, Broida and Carrington (1963) observe,; that 

2 2 collisions shifting an NO molerule between   II, and   IL levels only 0. 02 

cm     apart occurred an order of magnitude less frequently than collisions 
2 

which shifted the molecule between  rotation levels of   II, which were as 
t 

-1 
much as 50 cm     apart.   This means that in any transient situation, 

collisions will move the molecules up and down the three columns of levels 

in the low rotation region of Figure 5  considerably more readily than they will 

move them from one column to another.   Whenever enough time has elapsed 

for a stationary Boltzmann equilibrium among molecules of a given symmetry 

to be reached, the curves of Figure 9 will apply. 

4.2 Equilibrium Excitation for Zero-Gain at Each (0, 0) Line Wavelength 

We now calculate fractional excitations   Zn i     required for zero- 
L  UJ80 

gain at Boltzmann rotational equilibrium in the lines of the (0, 0) band at 

80° K.   The definition of ZQ must differ slightly from the one used with the 

CN molecule, because of the additional symmetry characters attached to the 

N2 levels. 

Zft I   for any choern transition between a pair of s 
- ÜJ80 

We define 

levels in the band as that fraction of the total number of s molecules in 

N2' A(v = C) plus N2- B(v = 0) which must ^e in N«« B(v = 0), with Boltzmann 

rotational equilibrium present in both upper and lower vibration states, in 

order that zero- gain occur for a beam of light sent through the gas at the 

wavelength of the chosen transition. 
31 
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Likewise,     Tz.  | is defined for a transition between a pair of a 
a        60 

levels as that fraction of the total number of a molecules in the two 

vibration states which must be excited to the upper vibration state for a 

similar result.   As already mentioned, in every branch of the band those 

spectrum lines labelled with an odd number in parentheses will involve 

only the s molecules, while those labelled with even K will involve only 

a molecules. 

As is evident from the derivation given in Report GPL A-31-1, a 

„eneral formula for the Z0 of any line in the (0,0) band may be written 

as 

H; 
NA0<JAKA)-^B*   

nAC(JAKA).g(JB)+nBo(JBkB).g(JA) 
J£0 

where nAo^A^A^ =     ^e fraction of the molecules of appropriate symmetry 

type in vibration state (v = 0) of N«* A, which will be 

in the lower level of the ^hosen transition when 

1 Boltzmann rotational equilibrium at 80°K is present 

(illustratedin Figure 8), 

nR0(JRK ) =      the fraction of the molecules of this symmetry type in 

I vibration state (v = 0) of ISL* B, which will reside in 

the upper level of the chosen transition in similar 

equilibrium (illustrated in Figure 9), 
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g(J.) =        (2J + 1) for the lowci level of the transition, and 

g(jB) (2J + 1) for the upper level. 

As a sample calculation, the vibrational excitation fraction required 

for zero-gain in the Pi*^ ^ne wi^ rotationai equilibrium at 80°K is 

P12(1)Zo]80 = [(4.944%x5)0
+

X(4.652%x3) ] = 0- 515 *52%. 

This means that under the conditions assumed zero-gain occurs for the Pin^^ 

line, which lies near 10,510A, at about 52% excitation. 

Figure 10 displays 
s~ 

J0J values calculated in this manner for 
80 

s lines of all the branches in the (0,0) band.   Still another set of 27 curves 

could be constructed for the a lines of this band in an entirely analogous 

fashion.   Their pattern would not be noticeably different from Figure 10. 

An alternative way of calculating [zn  \    for any line follows from 
k  U J80 

substituting the Boltzmann equation for the n's into the formula which defines 

ZQ.   The result is 

sCZ0]B0: 

(1/1)    "gU* )-g(Jp. )•    e   ' V'-A'XA 
S A 

UTA^A)hc/kT 

(l/L)-g(JA)-g(JB)-   e   ^A'A 
sA 

F ( '^ A r; A ) h c / k T (l/p-g(JB)-g(JA)-    e   F(JBKB)hc/kTJ 

U 

(Z/n"e-(C'aso^c/kT 
s A s b J 

1   + 
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Figure 10. [V for s lines at the (0.0) Band. 
J80 

C 
The segments of the above curves which are 
accentuated in the drawing relate to the most 
intense spectral lines. 
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In this equation the L's are the "state sums" which appeal' in the denominator 

of the Boltzmann formula for the n's, g is the wavenumber of the spectrum 

line for which ZQ is to be found, and g   is the separation in wavenumbers 

between the zeros of the two relative energy scales by which F(JBKB) 

and F(JAKA) were separated — which equals the wavenumber of the O.o 

(1) spectrum line in N«- (B - A) bands.   An analogous formula gives | Zn  |    / 1 aL u J5ü 
with a    equalling the wavenumber of the PAO) line for N2* (B - A), which in 

the case of the (0,0) band is only 4.50 cm"   greater than a   . 

It thus appears that Zn is a monotonic function of waveiength for all 

the lines of one symmetry class throughout a given electronic-vibration- 

rotation band of a diatomic molecule at a chosen temperature.   Furthermore, 

the form of the expression is such that Z^ always decreases as one goes toward 

longer wavelengths, regardless of the particular values of the diatomic molecule 

constants or of the temperature, within a given vibronic band. 

In other words, pumping practically to transparency in any lines near the 

shorter-wave side of any vibronic band of any diatomic molecule, and at the 

same time providing sufficiently numerous collisions to maintain approximately 

Boltzmann rotational equilibrium throughout the band, should always produce 

some degree of inversion in the lines near the longer-wave side of that band. 
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However, the farther toward the shorter-wave side one chooses for pumping, 

the more intense the pumping must be before inversion becomes appreciable. 

This generality is one of the bases of the transformer laser concept 

being explored in the present work. 

Figure 11 shows the relation between JZ   ] and spectrum line 

wavenumber for the (0, 0) band of ISL« (B - A), based on Lvalues obtained 

during the calculation of Boltzmann distributions.   As Herzberg's book 

shows, E* kT/hcB for the levels of a simple rotator whenever T is 

large or B is small; but with these more complicated levels of the nitrogen 

molecule, analytic expressions for E are not very useful. 

An approximation to the corresponding relation between 
LZ0i 80 

and a for the (1,0) band of N • (B—A) is indicated by the percentages at the 

bottom of Figure 7. 

In summary, it appears that a repetitive pump-läse transformer 

cycle could be set up in any band of the nitrogen 1st Pos. system absorbing 

the pump light for which a strong population in the lower vibrational level could 

be "prepared", and maintained against population losses.    In the next section 

the basic assumption that losses from N^* A will not be intolerable, as well as 

the question of the actual Np* A population density needed for useful transformer 

action, will be discussed. 

36 



b 
i 
b 

o f g g f 
o 3> 00 l> o CO 
w* 

— 
00 

1 —1 

in CO 

SI 
37 



GPt DIVISION •   AEROSPACE GROUP •   GfNtRAL PRECIc'ON, INC. 

5.   EXCITED-STATE POPULATION LIMITS ON NITROGEN TRANSFORMER POWER 

5.1   Population Needed For a Desired Power Density 

18 
At wivelengths near Iji  it requires about 5 x 10     quanta 

to total an energy content of 1 joule.   We define 71 as the total number of 
3 

molecules in a typical cm   of gas near the output end of the transformer 

medium which are resident in N^« A and N9' B throughout a power pulse. 

in sc   Ion 10. 4 of report GPL A-31-1 there is described the manner 

in which a fraction of such molecules will be carried repeatedly around a 

four stage pump-lase cycle, under conditions of very intense pumping flux 

and very intense lasing flux.   From the appearance of Figure 23 in that 

report, and of Figure 10 in the present report, it is estimated that the 

fraction of 7l which will be taken repeatedly around this cycle in i-ie 

nitrogen case will be somewhere around 1%, and that the time for a 

molecule to traverse the cycle once will average about the time required 

for this molecule to suffer 3 classical kinetic theory collisions in the ambient 

vapor — under collision-limited transformer operation.   If this vapor 

is either all N«, or partly N„ and partly He, at p atmospheres total pressure 

10 and 80° K, a given N2 molecule will experience about pxl, 2 x 10 v coll/sec. 

On the above bases, the number of metastable molecules required 
3 

for the development of ar energy of E joules/cm   in a Mgh flux region 

near the output end of the transformer medium, during a power pulse of 

t sec, will be given by the following approximate expression: 
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-2       .     .  rt     ,JO 
% xlO"2 xpt xl.2 x 10 

TIT 
5 x 10 0 x 3 

n 1.3 xlO1^ -A molecules in N0'A and 
pt „2 

N2- B per cm . 

-3 One sample set of parameters^ E=i, t=10    , p = 1, would require 

14 3 maintenance of about 10     excited molecules/cm   throughout the pulse. 

Other bituations can be estimated trom the formula as desired.   The pumping 

and lasing flux density requirements for yielding collision-limited conditions, 

such that the above equation would apply, will be discussed at a later time. 

It might be useful for future reference to state the relation between 

y) and E in a generalized fashion for pumping and lasing in a given wave- 

length region and at sufficient high fluxes to yield collision-limited 

conditions: 

7?     ~r (Number of collisions per pump-läse cycle) |. „ 
' £/ (Pulse leTgth)- (Molecular collision rate).   (Fraction of 7^   " 

traversing the cycle). 

Without continuing at present into the problems of ''preparing" a very 

high concentration of N«-A molecules, beyond those points already mentioned 

in Section 2. ?   let us now consider to what extent an initial concentration 

of NV A can be maintained against losses, throughout a power pulse of 

appreciable length. 
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5.2 Fluorescence Losses From N?'A 

A molecule in any of the first 6 vibrational levels of electronic 

state No-A, and in any rotational sub... v^el of these which would normally 

have appreciable population at 80oK, can spontaneously radiate only to some 

level of N2* X of lesser energy. The spontaneous radiative lifetime of such 

an Nn* A molecule has been the subject of much investigation, and ths 

matter is not yet thoroughly settled.   Values of r        of some milliseconds 

have still been appearing in the literature quite recently, but Dr. N. P. 

Carleton of Harvard in a telephone communication to the present writer 

on October 28, 1965 said he thought it was probably about 12 seconds — 

although arguments still existed which could possibly make r        come out 

as small as 1 second.   Dr. E.C. Zipf, Jr., of the University of Pittsburgh, 

in a telenhone communication to the writer on October 5, 1965 said that 

he thought this radiative lifetime was greater than about 15 sec and might 

be in the neighborhood of 21 sec.   In any case, attempts at exact measurement 

ha/e been beset with difficulties.   N2- A molecules in higher vibrational 

levels than (v = 6) could also radiate, with relatively short lifetimes, to 

N«' B.   However, this would not remove them from the (B—A) pump-lase 

cycle here being considered. 

5.3 Impurity Quenching of N^'A 

Of greater potential seriousness, and much greater complexity, is 

the problem of the lifetime against collision-quenching of the electronic 

40 
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excitation for N«' A molecules under various circumstances.   In the first 

place, at least in an electric discharge through low pressure nitrogen, it is 

found that extremely m mte traces of oxygen impurity will severely 

quench N^* A.   Probably the discharge makes some NO molecules, which 

are known to have a very high cross section* for quenching Ng* A.   Thus, 

Miller (1965) found that steady-state emission of the (A ^X) bands was 

very weak,and NO bands were very strong, in his discharge tube using 

reagent grade nitrogen with less than 4 ppm 02 impurity —   until he 

further purified the gas with Zr-Ti getter and carried out a very vigorous 

routine of pumping, baking, and long-term operating of the apparatus. 

Dr. Zipf (loc. cit.) suggests that impurities must probably be less than 1 
7 

part in 10   if the steady-state R,* A content in a discharge tube is not to 

suffer major depletion within about a millisecond after stopping the dis- 

charge. 

However, no attempt has yet been made to create important con- 

centrations of N2« A purely by optical pumping,  without any discharge 

which could convert impurity oxygen into NO.   Perhaps the purity require- 

ments would not be so extreme in this case, although the ability of the 

unexcited oxygen molecule itself to quench N«* A has not yet been carefully 

measured.   Safrany (1964) did show that excited nitrogen molecules in the state 

N0-A do not entei  into a chemical reaction with 00 to any major extent. 

*  Dr. Carleton said he has new quantitative data on this cross section 
almost ready for publication. 
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It is known that collisions with certain atomic impurities such as Hg, will 

also strongly quench N • A.   However, added He would not be expected to 

cause any important degree of quenching. 

5.4 Eleccronic-to-Vibrational Quenching of N^* A 

| ff we were dealing with strictly pure nitrogen gas, under non- 
f 

discharge conditions at room temperature or below and at pressures of at 

least a few cm in apparatus of usual size, the most frequency collision 

| partner of any N«* A molecule would be an N«» X molecule in (v = 0).   If 

the N„* A was to be knocked down to N2» X from one of its lower vibrational 

states in such a collision, practically all of its electronic energy would have 

I to be converted into vibrational energy of the two resulting N2*X molecules. 

There has been a continuing debate in the literature as to whether any 

evidence that this process has much probability can be deduced from discharge 

I tube experiments. 

Perhaps something can be inferred from a related field.   There is much 

work which shows that vibration-to-translation energy transfer upon collision has 

very low probability whenever a Av change much greater than unity within a 

given electronic state is required, or at least whenever the energy to be trans- 

ferred is large compared to kT/hc.   Applying the Franck-Condon principle to 

the potential curves shown in  Figure 2, electronic-to-vibration quenching of 

I Np* A (v = 0) in a two-body collision would usually require Av to be about 

13 for the original N2* X colliding partner.    If the electronic-to-vibration process 

followed the same rules as vibration-to-translational relaxation, then 
j —  

Janln (1946), for example. 
— 42 
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quenching of IsL* A by such collisions should be quite rare. 

Considering electronic-to-vibrsition experiments, it has long been 

known that Na atoms in their first excited electronic level could have their 

fluorescence — under non-discharge conditions — very strongly quenched 

by collisions with N«* X molecules.   If most of the Na electronic energy went 

into vibration it would produce Av = 7 in the nitrogen molecule.   Thi; interpretation 

was generally accepted as early as in the Mitchell and Zemansky (1934) book, 

but attempts to prove it rigorously are still in process, as by Starr (1965). 

However, in the Pringsheim (1949) book several such atomic-to-molecular cases 

of electronic-to-vibrational energy transfer upon collision were considered 

in more detail.   Evidence was brought forward that cases of such large Av 

probably arose only because the potential energy curves were highly distorted 

during the collision interval, in such a way as to indicate incipient chemical 

reaction between the colliding partners.   In collisions where there is no 

tendency toward chemical reaction, these large energy transfers should have 

very low probability.   However, we cannot be sure that N«' A - N«« X collisions 

do not have ? considerable tendency to form a transient N.  molecule before 

re-separating — which is an incipient chemical reaction. 

It appears that the probability of this type of loss from the N«,« A 

population cannot be estimated directly from existing data.   However, some 

additional indirect evidence will be mentioned in the next section which points 

to its probable unimportance under the assumed la^r transformer conditions. 
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J 5.5   Met ast able-Met actable Quenching of N_-A 
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i Another possible mechanism for loss of R," A molecules during 

a power pulse would only become important at very high concentrations of 

excited molecules.   But this is probably just the process which would place 

I a ceiling on those practical values of % and E which could be attained in a 

transformer laser application. 

This is a collision of one N«-A molecule with another N2'A 

molecule, or with an N«* B molecule, or with one in some other excited 

state.   Electronic energy could then simply be transferred from one of the 

colliding partners to the other.   An NV A molecule would drop to one of the 

lower vibrational levels of N2* X such as (v = 6) — the probability distribution 

over these latter levels being governed by the Franck-Condon principle — 

and the colliding partner would use the released energy to climb to some 

much higher electronic state than it occupied initially.   Other variations 

I of this could occur, depending on the initial degree of excitation of the 

colliding molecules.   Losses from N«* B could also occur in this way as 

well as losses from N«* A, during a power pulse.   Cases of such mostly 

I electronic-to-electronic energy transfers are already known to display 

high probability in various molecular and atomic-molecular collisions. 

Pringsheim (1949) summarized much information of this type. 
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Apparently, the only experimental data on this mechanism have been 

gathered recently by Zipf (1964), under somewhat complicated discharge 

tube conditions.   Earlier workers had probably not been dealing with large 

enough N«* A concentrations for the process to become observable.   After 

establishing steady-sta.e concentrations in his discharge volume, believed 

11 3 to be about 10     No-A/cm , or slightly higher, Zipf stopped the discharge and 

observed that the decay of the N«« A population density during the next few 

milliseconds of the afterglow period followed a second-order rate equation.* 

That is, 

drN2"Al r 12 

This was interpreted to mean that the Nn« A molecules were disappearing 

as a result of (Nn* A - No* A) collisions, whose probability of occurrence at 

any time would naturally be proportional to the square of the instantaneous 

N2* A population density. 

The predominance of this second-order decay would argue that first-order 
decay of N2'A by electronic-to-vibration collision transfer is negligible 
by comparison with the second-order process at lOH N«-A per cnr> or more. 
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Such a loss mechanism, which rapidly increases in importance as 

the N2* A population density is made higher, could b<' expected to set a 

practical ceiling on achievable IsL» A population density in many kinds of 

situations.   Neither Dr. Zipf nor Dr. Carleton have been able so far to 

get above perhaps 10     N2-A molecules/cm0 steady-state concentration, 

in the discharges in their apparatuses. * 

Integration of the second-order rate equation immediately shows 

that the time for an NL* A population density to decay to one half its initial 

value [No* A]   is given by 

Using Dr. Zipf s latest value for the second-order rate constant, 

.-11      3 ,     ,      ,    .-1        -1 j k« = 3 x 10'     cm • (molecules)' • sec    , if one began a transformer laser 

I 
3 

power pulse with fl molecules/cm   in N«* A plus N«* B, half of them would have 

disappeared by this mechanism after 

11 10J 

TA-A     TPn 

♦ According to telephone communications previously noted. 
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The sample parameter«-; jsed fnr 'lluslrafion in Section 5  1 would 

lead to TA  A - 1/3 millisecond  *   Ti.e needed Nr> A roncentralion would have 

been largely lost duringthe power pulse interval   lor these assumed parameters 

unless it was constantly being replenished by continuing the UV preparatory 

flash throughout the power pulse 

There is no experimental evidence as to whether k«. and consequently 

rA A' var^ w^ t^e temPerature of the gas    Therefore, one cannot be sure 

whether the situation would be any better at 80 K than under Di\  Zipfs discharge 

conditions. 

Another piece of evidence should be considered    Dunford, Aiilton.and 

Whalen (1964) have reported some phenomena in a discharge tube through a 

mixture of nitrogen and ammonia, known to contain considerable oxygen 

impurity, for which they suggest an interpretation that implies the initial 

14 3 
presence of 4. 5 x 10     N2° A molecules/cm , with these decaying after the end of the 

discharge with a half life of 80 milliseconds»   One immediately apparent way 

to reconcile this finding with the 1 'S ms half life just computed by extrapolating 

14 3 Zipfs results to the initial concentration r^ngeof 10     N«'A per cm , would 

be to postulate some process in this very complicated discharge mixture 

which continued to feed fresh molecules into the N«'A long alter the discharge 

ceased — which is certainly plausible,   In any event, these circumstances seem 

of k« times the partial TSp0n for the (0. 6) band of the N2' (A-OC) radiative 
on.   The above value of ko is then calculated from other measurements of 

too complicated to be employable in a laser traitsformer design.  
* It should be noted that Zipfs experimental technique actually measures the 
product 
transition.     iae auuve vaiut; ui KTJ 
the (0,6) band strengtho   The measurements used by Zipf, together with a ratio of 
the (0, 6) lifetime to the total N2' A lifetime calculated from theoretical Franck- 
Condon factors, imply a value of the total T ~ 20 sec for Ng* A.   If subsequent 
work should ever return the total r

SD0D to 1 sec   for N20 A, as Dr. Carleton 
mentioned was conceivable, the above K« value should be increased by a factor of 
20, and calculated values of TA   A woulabe decreased by a factor of 20. 
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I 

I 

5. 6   Losses from N^ B 

If the ambient gas pressure could be raised to 10 atm, the 

required ^would be reduced by a factor of 10? T.   . would be increased by 

a factor of 10, and the unfavorable result of the last section would be 

ameliorated — under the assumed conditions»   If it. should be undesirable 

to have so much N«- X present, practically all of the mixture could be He. 

Any kind of added entities which would increase the collision rate without 

other bad effects would improve the ratio of needed T^to E. 

However, it is uncertain how much total ambient pressure of 

any mixture could be employed without increasing the importance of losses 

I from N2' B.    The one atmosphere assumed above might actually be too much. 

There are no adequate data available, for the reason that conditions have 

not been set up hitherto which could be expected to lead to large concentrations 

f of INV B.   Nitrogen molecules in Np° B have a lifetime of only about lO/isec 

against spontaneous radiation of the First Positive bands, thereby dropping 

to No* A.   Only under the very high-flux cycling conditions postulated for the 

present transformer laser design would it be very practical to try to main- 

tain a high concentration of N2
o B over an appreciable volume for times cf 

the order of a millisecond. 

I 
I 
I 
' If the chosen pump-läse cycle is to involve only the (0,0) 

| First Positive band, then the trouble to anticipate from high amülent 

pressures could arise from a high probability that any kind of collision 
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3 
would shift an N ' B(v = 0) molecule over into the    ^ state — vvith unknown 

3 
further fate.   Of course, this problem would not be present if   A  actually 

lies considerably above N?* B, instead of below as sketched in Figure 2.   If 

the cycle involves major population densities in (v = 4), or higher of N./ B, 

then transfer to     A   as well as to states B , a', a, and w might cause major 

losses at high collision rates. 

One might think that at high pressures all of these metastable states 

could simply be saturated, during the "preparation" period and the first few 

ßsec of the power pulse, so that back-reactions would thereafter maintain a 

steady N./ B concentration.   However, it could happen in such a case that the 

total metastable population would be so high that metastable-metastable collisions 

would soon be carrying too many molecules above the dissociation limits. 

Actual dissociation of the nitrogen molecules as a result of the optical pump- 

ing could not be tolerated to any very great extent, since the heat of recombination 

would deteriorate the optic,?! quality of the medium. 

Jeunehomme and Duncan (1964)  measured the rate of fluorescent 

decay of the 1st Pos. bands in the afterglow from a discharge as a function 

of nitrogen pressure up to 6mm only.   They observed a somewhat fastei 

decay rate at the higher pressures.   However, it is not certain that this 

was caused by losses from N2* B, rather than by some phenomenon involving 

the higheji* levels excited by the discharge, which were possibly feeding 

No* B during the observation period. 
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Noxon (1962) followed the decay of the Ist Pos. bar Is in the after- 

glow from a discharge at 1 atm nitrogen pressure.   However, his results 

only sufficed to demonstrate that collisional removal of N«' B at 1 atm 

pressure could not be more than four times faster than radiative decay from 

this level, so they offer no information about the possibility of maintaining 

a large N,* B population into th«^ millisecond time range. 
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6. CONCLUSIONS ON NITROGEN AS A TRANSFORMER MEDIUM WITH Nd 
PUMPINÜ 

A complete bibliography of research papers on properties of the nitrogen 

molecule would doubtless contain several thousand entries.   Many more of these 

papers have been studied during this contract period than are referenced in this 

report.   Yet despite all this work, information is still lacking on a considerable 

number of the parameters which would be involved in the design of an ultra 

high power transformer based on nitrogen gas, or nitrogen plus helium, pumped 

by Nd glass lasers.   Quite intricate research would be needed to fill this gap« 

Transformer action based on metastable N«,* A molecules seems entirely 

possible, but sufficient data are not available today to give optimism that the 
3 

transformer laser power density range of one or more joules/cm   per pulse 

v/ill be attainable with good optical quality of the output beam. 

51 



GP1. DIVISION •  AEROSPACE GROUP • GtNERAl PRECISION. INC. 

r 

r 

i 
i 

i 

i 
i 

i 
i 

7.   MONOMER POPULATION LIMITS ON CYANOGEN TRANSFORMER POWER 

7.1  Population Needed for a Dcsii d Power Density 

* Report GPL A-31-1 dealt chiefly with the possible use of diatomic 

f cyanogen monomer molecules plus helium gas as a transformer medium with 

Nd glass laser pumping.   Let us now apply to this medium the same type 

of population limit analysis which was just carried out for N«* A, 

Again, the total density of those CN molecules which are to be 

resident in the upper and lower vibration states of a proposed pump-lase 

cycle throughout the power pulse will be called7(_.    It was shown in the 
3 

previous report that about 1% of this number of molecules/cm  would 

probably be travelling around the cycle under very high flux conditions, 

and that the number of CN-He collisions needed per cycle for shifting 

rotational populations might be about four.   At 210oK, the classical kinetic 

theory rate of He collisions against a given CN» X molecule would be about 

p x 1.4 x 10    per sec, when the partial pressure of helium was p atmospheres. 

-8 
This figure follows from using for CN the collision diameter D. = 4. 4 x 10" 

cm from Evenson, Dunn, and Broida (1964), together with the He value of 

-8 
D2 = 2.18 x 10~   cm, in the usual formula* 

D^ D2 \2    \ 2^   T(M1 + MJ 
9I2 - 2 [    ^   '  ]    n2\ Wpr2      collisions/sec, 

* See, for example, Kennard (1938). 
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3 
where n« is the number of heliur, molecules/cm in the gas , M. and M« 

are the molecular weights, T is the absolute temperature, and RM is the 

gas constant per mole, 83.15 xlO   cm-dynes/degree. 

In the same fashion as for N2* A, these assumptions lead to the 

relation 

TlxlO"2 xpt xlt4xl010 

 STTpTi  = E 

% =    1'4x
t

10    E   ■ molecules/cm3   . 

-3 The same sample set of parameters as used with nitrogen, E = 1, t = 10   , 

14 3 p = 1, would again require maintenarce of a little   over 10    CN molecules/cm 

in the desired vibrational states throughout the power pulse, under collision- 

limited cycle conditions. 

In the next sections the most important processes will be considered 

which might prevent maintenance of the necessary CN v'bration state population 

density throughout the pulse, under various pressure, power density, and 

pulse length assumptions. 
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7.2  Types of Collision Processes Possible in the Cyanogen Medium 

In the manner described in Report GPL A-31-1, the transformer 

medium at the beginning of a pulse sequence would consist of somewhat more 
9* 
% 3 
* than 72/2 molecules/cm   of (CN)2 in p atm of helium gas, when it was 

desired to reach a maximum power pulse density of E jouleb/cm . 

r The mixture would be irradiated with a preparatory pulse of 
I 

light at about 2000A wavelength, which would convert as large a fraction as 

possible of the (CN)2 molecules into pairs of CN molecules.   After at most a 

r few usec, the mixture would consist of largely He, CN*X, and (CNL'X 
I 2 

molecules — plus perhaps a very few molecules of (CNL and higher polymers 

J which had already begun to form as a result of collisions between the new CN 

t fragments and any remaining (CN)« molecules. 

Let us assume that the power cycle will operate in the (0,0) band 

of ehe CN* (A —X) system.   Then a further flux In the preparatory pulse to 

j put CN« X molecules Into higher vlbratlonal levels will not be necessary. 

i All the CN* X will be taken as resident In (v = 0).   In the first few ^sec of the 

power pulse we might pump sufficiently hard In the (0,0) band to convert 

1 about half the CN'X (v = 0) molecules Into CN« A (v = 0) molecules. 

I 
I 
1 

54 

I 



ÜFL DIVISION •  AfROSPA.^E GROUP •  GENERAL PRECISION, INC. 

The constitution of the mixture would then be; 

He — probably more than 90% 

CN-X (v = 0)\ 
\ - each almost half the remainder 

CN' A (v = 0) I 

(CN)2*X (various v ) — as small an amount as practical 

(CN)3 and higher - traces 

Throughout the power pulse duration, these entities will be colliding 

with each other, and the concentration of the various higher polymers will be 

slightly increasing.   Table 2 lists the major types of collision processes which 

are possible, in principle.   For very few of these processes are the rates known 

quantitatively, but the most important ones can probably be identified with 

reasonable confidence. 

Of the two-body processes, simple recombination is known to always 

proceed rather slowly, although there appear to be no quantitative data avail- 

able for CN-CN.   That is, two CN- X or two CN- A molecules, or a CN- X plus 

a CN* A, cannot make (CN),, in a two-body collision with much probability, 

because of the momentum conservation law.   A third body is usually needed to 

carry away the heat of recombina*  m as kinetic energy. 
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Colliding Molecules Product Molecules 

Twe-Sott COLUSIONS: 

Timi-BeiY Gtuilltifs 

CN-X 
■ 

C»'A 

C-N) 

Mil 

CH'K 

CN'A 
CN*X 

« 

CN'A 

■ CN'X 

ETC, 

ETC. 

ETC. 

HE 

CN«X 
CN'A 
CN-A 

(CN) 
(CN)2 

HC J 

ON*A 
• 

^3 

HI3 

{CN)3 

m 
M 

CN'X 
CN'A 

• 

CN'X 

CN'A 
* 
■ 

CN'A 

CN'X 

CN' 

CN' 

CN' 

CN' 

(CN)5 

1 

RemrtN-Stti 
(CN), 

CH"*{i • 0) 
(CN), 

(CN)4 
H9T*TI«ti-4H| 

QUENCNII« 

CN'X 
jCNJ2 

(CN 3 
(CN)3 

T 
? 
? 

«OTATION-SH I 

»'X 

ft««  ONLY 

CN'X   (NI6N 

TIII»;v£RT 

CN'A (HH 

|(CN), 

■N/3 

ml 
CN'X 

(CN)2 

[CH)a 

CN'X 
CN'X 

;CN), 

ICN), 
CN^X 
CN'X 
CN'X 
CN] 
ICN 

r) 

-ITTIE 

FTIN6  ORlt 
HE 
■ 
■ 
■ 

CK-X 

CN«X 

CN X 
CN'A 
CN'X 

UN'X 
CN'X 
CN'A 
CN'X 

CN.A 
CN'* 
CN'X 
CN 

HE 

CN'X 

CN'A 
CN'X 

CN'A 
CN'A 
CN'X 

Table 2.   Collision Processes in the Cyanogen Medium. 
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The two-body process having the  highest probability per collision 

will probably be the polymerization to (CNL which occurs when CN' X or 

CN-A hits one of the remaining dimers (CN)««   The only way apparent so far 

to keep this from leading to excessive loss of CN is to make the preparatory 

UV flash so powerful thaf it will dissociate almost all the original dimer, 

leaving very few (CN)« molecules present at the start of the power pulse. 

This arrangement was considered in the previous report, and the extent to 

which it can probably be accomplished will not be discussed further here. 

Any CN'X - CN-A collisions which electronically quenched CN-A, 

a process of appreciable probability because incipient chemical combination 

might perturb the potential curves^ as discussed in the nitrogen case, would 

slightly reduce the transformer efficiency by throwing away one Nd pump 

quantum for each such quenching.   However, this would not actually con- 

stitute a loss of available CN molecules during the power pulse. 

Although in many circumstances three-body collisions are usually 

assumed to occur with only about one thousandth the frequency of two-body 

collisions, one of the three-body processes listed actually seems likely to 

prove the determining factor in the use of CN as a transformer medium. 

Of course, the most prevalent three-body collision in the mixture 

will be two He against a CN, either CN»X or CN« A.   However, these should 

not have much deleterious effect.   The important case is the next most 
♦However, it appears possible that further quantitative analysis of the    "~~ 
collision process rates might considerably reduce the stringency of this 
requirement. 
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where the brackets indicate respective instantaneous concentrations in mcle- 
3 

cules or atoms per cm .   Since during any given pulse the helium concentration 

will remain constant, the CN concentration will follow a pseudo second-order 

rate equation 

probable one — two CNfs against one He — which is a somewhat powerful 

process for polymerizing the CN's to (CN)«.   The effect of the He is mostly 

not a chemical one; it merely provides a second body emerging from the 

collision, so that the momentum conservation law will now permit conversion 

of potential energy into translation, with the result of stabilizing the dimer 

before it can re-dissociate.   In the next section such collisions will be 

considered in some detail. 

7.3  Three-Body Recombination of CN in Helium 

This process will follow a third-order ratp equation: 

ifii =. ^ ccNf 
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where k „ is proportional  to the helium concentration used in the mixture, 

As in the nitrogen case, the CN concentration will decrease to half its initial 

value in a time 

1 1  
TCN-CN-He " K2- [CN^       k^-[He]. [CN]o * 

The value of k  for three-body recombination of CN has not been 

measured with He as the third bodj^ but Basco, Nicholas, Norrish.and Vickers 
Iß 9 2 1 

(1963) obtained k« ^ 1.7 x lö     (milliliters)   (moles)"   sec"   at room 

temperature with N2 as the third body. The view that the chemical nature 

of the third body is not seriously involved in this process might be taken to 

receive some support from the fact that Smith (1962) found a value of k„ for 

the three-body recombination of iodine atoms with He as the third body only 

a factor of 1C smaller than this one.   If we assume that the use of He with 

cyanogen would lead to about the same k« as with N*, we can change the 

units and obtain 

16   rmiimitprc^     .. i/cm \v     1     \/moles k^l.7xl0lb   (miUmt.pr.sr    x 1 cri*   .,     * U^j  m?, 3 (molesjZTsec \miililiter/   l6>aö23(\moIeciilei 

-3? 3 -2        -1 «4.7x10       (molecules/cm )    -sec   . 

59 



GPl DIVISION •  AEROSPAC!: GROUP •  GENERAL PRECISIOK, INC. 

These are the appropriate units for the third-order rate equation in the form 

stated at the beginning of this section.   With the sample parameters assumed in 

Section 7.1, 

1 rcN-cN-He« ;: -rpsrjm \  i raggn ; A:7J*r 4.7x10       -(^pj  ' (2.24 x 104 j' 1.4x10 

-3 «4.4 xlO      sec, 

on the further assumption that k„ does not vary with temperature. 

If we assume He to be a factor of up to 10 less   conducive to three-body 

recombination of CN than N2, then the margin of safety would be still greater, 

14      3 and initial concentrations, rather higher than 10   /cm   could be considered. 

Combining the equation relating % and E with, the formula which defines 

the above r gives the following result: 

rCN-CN-He 1 

This means that the ratio ,of half life against three-body recombination 

to pulse length, is independent of both helium pressure and pulse length.    The 

degree of loss of CN molecules during the power pulso is proportional only to 

the erergy density employed.   Therefore, changing the pulse length or the 

helium pressure will not lift the practical power density ceiling set by this 

process. 
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8.   CONCLUSIONS ON CYANOGENAS A MEDIUM WITH Nd PUMPING 

If all the assumptions involved in this calculation turned out eventually 

to be justified, it would seem with a 1ms pulse length that maximum output 

energy densities of the general order of  E = 1 joule/cm   or somewhat greater might 

be attainable — in so far as the limit is set by the processes considered so 

far. 

However, many more considerations remain to be explored before 

monomer cyanogen plus helium could be definitely recommended as a practical 

transformer medium in this power density range.   One strong advantage which 

CN will have over N«* A in addition to better resistance against decay of the 

prepared entities, is its far larger absorption coefficient for the UV wavelength 

needed in the preparatory flash.   This makes it greatly easier to obtain a UV 

source suitable for preparing a desired population density. 
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9.   ADDITIONAL MEDIA CONSIDERED DURING THE REPORT PERIOD 

9.1  Thr Se^ Molecule 

One of the possible media listed but not discussed in report GPL 

A-31-1 was a vapor of diatomic selenium molecules.   During the present 

period the literature on properties of selenium vapor has been surveyed 

to some extent. 

( At any practical temperature selenium vapor is always found to 

consist of a mixture of diatomic and various polyatomic molecules in equilibrium 

with each other.   For any temperature at which an adequate concentration of Se2 

| is present, there is also a large concentration of Se„. 

| Such a large molecule as Se6 wiJl always have a multitude of fundamental, 

harmonic, and combination vibrationai frequencies.   In many experimental 

situations such polyatomic molecules are well known to cause severe quenching 

of energy stored in excited states of other molecules, by collision truisfer of the 

stored energy into one of the vibrationai modes of the large molecule.   This 

would seem to .nake it extremely difficult to operate a transformer cycle on the 

1Se0' (A - X) transition without excessive degeneration of the absorbed pumped 

light energy into heat in the vapor. 

I 
In view of the apparent impracticability of obtaining reasonably pure Se2 

| vapor, study of this molecule was not carried further. 
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9.2 The I0 Molecule 

The possibilities for employing iodine vapor as the transformer 

medium with Nd glass laser pumping were also considered more carefully 

than before.   Here, the difficulty is that the Nd wavelength falls in a part of 

the I«* (A—X) band system which corresponds to absorption from quite high 

vibrational levels in I«* X. 

The vibrational spacing in !„ is sufficiently small +hat vibration- 

to-translation energy transfer upon collision Is very prevale u   Therefore, 

the transformer cycle would have to operate at fairly close to Boltzmann 

vibrational   population distributions at all times.   Under these circumstances, 

the only wa mtain an adequate population in the levels of V X from which 

the Nd light quanta could be absorbed would be to operate at quite a high vapor 

temperature. 

However, this would place large populations in correspondingly 

high vibrational levels of „' A, and it is well known that collisions which 

dissociate molecules in these levels of L,* A have a very high probability. 

No practical way is   apparent for using I« as the desired medium without an 

excessive amount of transformation of the pump light energy Into eventual heat 

in the vapor, through the mechanism of dissociation of the L» A molecules in 

high temperature collisions. 
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9.3  The CO Molecule and Others 

i As listed in report GPL A-31-1, the transition CO« (a —aO appears 

to be quite analogous to the N«' (A — B) transition in its possibilities for 

I transformer use with Nd glass pumping.  Its properties have not yet been 

I thoroughly studied under this contract. 

, Harteck, Reeves, and Thompson (1904) have shown that metastable 

CO* a molecules display a high probability for chemical reaction upon collision 

i with another carbon monoxide molecule, presumably in the state CO* X, to 

* form CO« and C.   Very likely this mode of decay of CO« a would predominate 

in a heavily pumped medium and would set the limit on possible power output 

I density.   However, quantitative rate data are not yet available either for this 

• reaction or for other CO collision processes which would doubtless be involved 

in a transformer application. 

| 
■ Although there is little solid evidence, there is no reason apparent 

I                today to expect better results from the CO molecule than from N.,. 

I Those categories of possible diatomic molecules listed in 

report GPL A-31-1 as "not yet studied", were also explored to a considerable 

I extent during this period, including such molecules as InCl*, but without 

■ discovering any additional promising materials. 
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Polyatomic molecules have not yet been studied further.   In view 

of their oropensities for quenching, it was not thought profitable to explore 

them so long as a suitable diatomic molecule was available for the Nd laser 

transformer medium.   At the present time, the best diatomic molecule seems 

to be Cs«, which will be mentioned briefly in the following section and 

an?l"zed carefully during the coming report period. 

9.4 The Csg Molecule 

As discussed in report GPL A-31-1, the CSg- (A - X) transition 

will absorb Nd glass laser light quite strongly.    The writer of this section 

has now had the opportunity of looking at the still unanalyzed spectrographic 

plates of this band recently taken in absorption under very high resolution 

at the Argonne National Laboratory by Prof. P. Kusch's group, of 

Columbia University.   To the eye it appears that this band system has a 

quite simple structure, typical of a single electronic transition in a diatomic 

molecule — rather than consisting of overlapping allowed transitions as had 

been feared earlier. 

On the problem of second-quantum absorption discussed in the 

previous report, GPL Division is now setting up apparatus for obtaining 

experimental data.   The first preliminary tests are described in Section 10. 
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10.   EXPERIMENTS ON THE SPECTRUM OF Cs2 

A preliminary experiment has been started to see if Cs« molecules which 

have already absorbed one quantum of Nd light to reach the excited state Cs«* A, 

can then absorb a second quantum of Nd light with possibly wasteful effects. 

The first phase of the work has been concerned with the containment of 

the Cs vapor and the observation of the absorption bands corresponding to the 

(Cs«* A-CSn'X) and (Cs2* B«-Cs2*X) transitions. The observation of the 

absorption is a test for the existence of the Cs« molecules in the vapor. 

Several Cs absorption cells have been prepared, by distillation of Cs 

metal into chemically cleaned and baked out, evacuated pyrex spheres.   The 

spheres were blown to about 1" in diameter. 

The absorption spectrum of the Cs cell was carefully measured at several 

temperatures between room temperature and 234° C.   A dual beam absorption 

photometer arrangement was set up with a Leiss monochromator and absorption 

cell in an oven in one arm.   A tungsten lamp served as the light source. 

The light levels in the reference and absorption arms of the light bridge 

were sensed with PbS photo-detectors, whose outputs were subtracted 

in a difference circuit.   The quantity recorded as the output was the value 

of a resistor in one arm of the bridge that was adjusted to yield a null 
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in the output of the difference circuit a& the wavelength examined was 

shifted with the monochromator.   The relative transmission through me 

Cs vapor was obtained by normalizing the recorded output m such a way as to 

eliminate differences other than those caused by Cs vat or in the absorption 

of the two paths transversed by the reference beam and the transmitted beam. 

This was done by dividing the output obtained with a Cs-filled cell by the output 

obtained with a similar cell at the same temperature but with no Cs vapor 

in it. 

The transmission of the Cs vapor is shown as a function of the wave- 

length in Figure 12.   A prominent feature is the Cs- D1 - line at 8943Ä 

2 2 arising from transitions between the 6 S^ ground state and the 6  P, 

excited state of the Cs atom.   The decrease in transmission beginning at the 

Dj- line and extending to about 11,300Ä, is in the region of the (Cs^A - Cs«- X) 

group as reported by Finkelnburg and Hahn (1938) and Loomis and Kusch (1934). 

The prominent structure found between 11, ZOOR and 12,500% is In a region of the 

spectrum not previously reported.   From the tests made to date this structure 

seems to arise from absorption by the vapor in the cell. 

In this first experiment, the containment of Cs at elevated temperatures 

has been demonstrated and the existence of Cs« molecules in the Cs absorption 

cell has been observed.   In the next experiments, absorption of the Nd-laser 

light will be investigated and the search made for the consequences of second 

quantum absorption by Nd-laser light. 
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Figure 12.       Absorption Spectrum of Saturated Cs Vapor (-280° C). 
A recording of a narrow Hg line is superimposed on 
the drawing to «how the Instrumental reeolving power 
near the center of the Cs« band. 
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C). »rption Spectrum of Saturated Cs Vapor ^ZQ&C). 
cording of a narrow Hg line is superimposed on 
Irawing to «how the mstrumental resolving poster 
the center of the Cs« band. 
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11.   SPATIAL FLUX ANALYSIS 

The spatial variation of the pump and laser fluxes within the volume 

of the active material is beinp; studied.   For describing the pump-lase 

cycle, an equivalent four-level system has been postulated in which ehe 

population densities, transition probabilities and collision rates represent 

suitably weighted averages taken over the multiplicity of possible levels of 

the actual system.   The mechanism for population transfer, the corresponding 

level pairs, aid the number density transfer rate for each portion of the pump- 

lase cycle are listed in Table 3. 

TABLE 3 

Pump-Läse Cycle, Equivalent Four-Level System 

Mechanism for 
Population Transfer 

Pump Flux 

Collisions 

Laser Flux 

Collisions 

Level 
Pair 

Number Density 
Transfer Rate 

1-2 ff12P(N1 -g12N2)=R12 

2-3 k23(N2 " g23N3) " R23 

3-4 CT34L(N3-g34N4)=R34 

4-1 k..,(N, - e:„N<)= R.. 
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In writing the expressions for the number density transfer rates 

R*2» ^23' Il34»anc^ P4i the following assumptions were made: 

1. The transfer rate from the equivalent level i to the 

equivalent level j will   become zero when the averaged 

population density ratio N./N. = g.» a weighting factor to be 

determined from the corresponding situation for the actual 

system.. 

2. The transfer rate caused by the pump (laser) flux is proportional 

to the pump (laser) photon flux intensity P(L), to the weighted rmmbej 

density diflerence, N. - gi 2N2> 'N3 " SoJ^A3^^to ^ equivalent 

cross section CN« ^34) ^or absorption(stimulated emission) of 

a pump (laser) photon. 

3. The transfer rates produced by collisions are proportional 

respectively to the transition rates k-„ and k4s and the weighted 

number density differences N« - g23N3 anc* ^4 " g4i'V 

Within a given volume element of the gas, after illumlnallon for a time 

sufficient to reach an equilibrium state and at such high pump and laser flux 

Intensities that population changes caused by spontaneous emission and other 

losses become negligible, the number density transfer rates will be equal 

and constant In time.   The rate equations for the equivalent four level system 

are then equivalent to the three conditions 

R12 " R23 = R34 "" R4r (1) 70 
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with the R.. as defined in Table 3.   The fourth condition is obtained from the 

assumption that within the given volume element the tUal number density 

N is constant in time, i. e., that 

Nl + N2 + N3 + N4 = ^ (2) 

Solution of these equations for the number density transfer rate R 

around the cycle, where 

R a R12 = R23, etc., gives 

R=Rm[l+ (IL/L)+ (yP)];1 (3) 

where 

Rm = N(1 " Si2g23g34g41)/rc* 

Tc = (A23/k23)+(A41/k41)' 

lh= A34/((734Tc)' 

Ip = Ai2/'ff12Tc)j 

A12 = 1 + g41 + g34 g41 + g23 g34 g4r 

A23 = 1 + g12 + g12 g41 + g12 g34 ^1' 

A34 = 1 + g23 + g12 g23 4 g12 g23 g41J 9n6 

A41 = 1 + g34 f g23 g24 + g12 g23 gW 
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I The spatial variation of the laser and pump flux Intensities will be 

In the above, the parameter R    is the limit approached by the 

absorption (or production) rate per unit volume of pump (laser) photons 

when both the pump and laser flux intensities become very large.   The 

parameter Ip (or I-) measures the pump (or laser) photon flux intensity 

at which the probability rate for an absorptive (or stimulated) transition 

becomes comparable with the effective collision induced transition rate, 

l/r . of the active molecule. 

determined under the further condition that the total number density N is also 

uniform throughout the volume of active material.   We can then equate the 

I production rate R per unit volume of laser photons to the divergence of a 
—♦ 

vc^or L whose direction is that in which the laser flux is propagating and 

whose magnitude is the laser photon flux intensity L, i. e., 

V- L -= R, (4) 

I with R given by equation (3).   Under the previous assumption that losses 

from spontaneous emission and other sources can be neglecteu the 

requirement for conservation of photons gives a second partial 

differential equation, namely, 

I 
I 
| V-(L+P)=0, (5) 

where P Is the corresponding vector representation for the pump photon 

flux intensity. 
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In principle, solutions for equaticns (4) and (5) can be obtained 

once the incident laser and pump flux intensities are prescribed along the 

corresponding boundaries of the cell containing the active material.   At 

present, an analytical solution has been obtained only by supposing incident 

laser and pump fluxes that have particular, and non-uniform, distributions 

over the input surfaces of the cell.   It is considered,however, that this solution 

will prove to be a valuable guide toward specifying those incident laser and 

pump distributions which lead to an essentially uniform distribution for the 

laser output flux intensity. 

—» -* 
For this preliminary case, the directions of L and P are assumed 

respectively parallel to the x and y axes of a rectangular coordinate system 

and both flux intensities are taken as uniform in the & direction.   The solutions 

for L and P can be represented in terms of the quasi-exponential function 

F(u) defined by the transcendental equation, 

F/F  + Alog (F/F ) = Bu + 1, (6) 

where F   a F(o) and u is a generalized variable.   If the absolute value of the 

logarithmic term is large compared with |F -F  l/F , the function F(u) 

approximates a rising (B>0) or falling (B< () exponential, whereas it is nearly 

linear in u when the logarithmic term is small.   In particular, it is found that 
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(a) u = x - Cy, where C = LQ/PQ, the ratio of the 

incident laser and pump flux intensities along the 

bounding line x = o = y, 

(b) Pfc y) = F(x - C y), and 

(c) L (x, y) = CF (x-Cy) = CP(x, y). 

The parameters A and B are given by 

A = (IL/Lo) + (II/Po), and 

B = R   /L . m    o 

In order for this solution to exis!; the trigger and pumo lasers must be 

arranged to provide incident flux distributions, L (o, y) = CF(-Cy), and 

P(x, c) = F(x), along the corresponding bounding planes x = o and y = o. 

The above solution is being used as a guide for analyzing the case in 

which pump flux is incident in opposite directions on two bounding planes, 

y = o and y = y*, where y< is the width of the cell.   Solutions o' equations (4) 

and (5) in cylindrical coordinates are also being investigated. 
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